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Abstract
We focus on research aimed at understanding normal Golgi complex dynamics through the use of nocodazole and other
drugs which cause Golgi disassembly. In vivo nocodazole binds to tubulin, produces microtubule depolymerization, and
subsequent fragmentation of the Golgi complex. These processes may be traced in living cells through the application of
fluorescent green protein (GFP) conjugates. The cycling of individual Golgi proteins through the endoplasmic reticulum
(ER) may be probed in vivo through the use of an organelle-specific molecular trap. One such molecular trap is protein
unfolding. Golgi proteins conjugated with a domain temperature sensitive in protein folding exhibit temperature-sensitive
folding properties and if misfolded during protein cycling from the Golgi become trapped in the ER. The properties of
individual Golgi complex subcompartments may be characterized through antibodies to multiple subcompartment-specific
proteins within the same cell line. Because of the limited availability of antibodies, normally distributed epitope tagged
proteins are employed to give multiple subcompartment-specific Golgi complex markers. From experiments employing these
tools, new models suggesting continuous cycling of Golgi proteins are emerging. Cycling of Golgi proteins through the ER
can lead to assembly of the Golgi stack at or about ER exit sites. A major future challenge will be the characterization of the
protein machineries involved in Golgi protein cycling and its regulation. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The Golgi complex plays an important role in
processing, maturation, and sorting of newly synthe-
sized secretory and membrane proteins received from
the endoplasmic reticulum (ER), and in recycling re-
ceptors involved in endocytosis (for reviews, see
[1,2]). These events result in extensive membrane
£ow or tra⁄c through a series of subcompartments.
Conventionally the Golgi complex may be consid-
ered to be composed of at least three distinct sub-
compartments, the cis-Golgi network (CGN)/cis-
Golgi, the medial-Golgi stack, and the trans-Golgi/
trans-Golgi network (TGN) [3]. The CGN/cis-Golgi
receives proteins from the intermediate compartment
(IC), is involved in retrieval of a subset of these pro-
teins back to the ER, and plays a role in initial Gol-
gi-speci¢c carbohydrate addition and trimming reac-
tions. The medial-Golgi stack functions as a
glycosylation compartment where most of the addi-
tion and trimming of carbohydrate moieties takes
place. The exit side of the Golgi complex is the
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trans-Golgi/TGN, which plays an essential role in
¢nal glycosylation reactions and the sorting of plas-
ma membrane, lysosomal and secretory proteins to
their respective ¢nal destinations.
The Golgi complex and its subcompartments can
be identi¢ed at the light and electron microscope
level by localization of glycosylation enzymes that
modify N-linked oligosaccharides or catalyze the ad-
dition of O-linked oligosaccharides. All Golgi glyco-
sylation proteins identi¢ed to date are type II mem-
brane proteins with their amino terminus located in
the cytoplasm, a single transmembrane domain and a
large lumenal catalytic domain. Traditionally N-ace-
tylglucosaminyltransferase I (NAGT-I) and K-man-
nosidase II (Mann-II) are considered to be markers
of the medial-Golgi complex while L-1,4-galactosyl-
transferase (GalT) and K-2,6-sialyltransferase (ST)
are considered to be trans-Golgi complex markers.
In double immunogold labeling experiments, these
N-linked oligosaccharide processing enzymes overlap
in distribution. About 60% of NAGT-I and Mann-II
labeling is in medial-Golgi cisternae, one-third in
trans-Golgi cisternae, and essentially none in TGN,
while for both GalT and ST 60% of labeling is in
TGN, approx. 40% in trans-Golgi cisternae, and es-
sentially none in medial cisternae [4,5]. Hence, pro-
teins such as NAGT-I, Mann-II, GalT and ST are
better thought of as markers for a broader region of
the Golgi complex rather than for one speci¢c cister-
na. For convenience NAGT-I and Mann-II will be
referred to as medial-Golgi/trans-Golgi marker en-
zymes and GalT/ST as trans-Golgi/TGN enzymes.
These enzymes exhibit limited overlap. In striking
contrast, O-glycosylation enzymes such as N-acetyl-
galactosaminetransferase (GalNAc)-T1, T2, and T3
are found throughout the Golgi complex and overlap
extensively in their distribution [6]. Hence, they have
little value as subcompartment markers. ERGIC-
53/p58 (for review, see [7]), a membrane protein
with mannose-speci¢c lectin activity [8] that ap-
pears to shuttle between ER and Golgi complex,
can be used as a marker of the IC/CGN. Similar-
ly TGN38 [9] which shuttles between the TGN
and plasma membrane can be used as a TGN
marker.
In ¢broblastic cells, the Golgi complex is posi-
tioned next to the nucleus at the minus ends of mi-
crotubules. By immuno£uorescence, the juxtanuclear
Golgi complex often appears as a lacy ribbon struc-
ture occupying a volume of 5^7 Wm in length, 1^2
Wm in breadth and 3^5 Wm in depth. When viewed by
electron microscopy in single thin sections, the or-
ganelle appears as long ribbons of possibly intercon-
necting tubules and stacks of cisternae highly en-
riched in speci¢c resident proteins such as
glycosyltransferases (Fig. 1). In serial sections as
studied in detail by Rambourg and colleagues [10],
the Golgi complex consists of a £attened set of cis-
ternae with tubular and vesicular arrays to either side
of the cisternae and the whole interconnected by tu-
Fig. 1. Appearance of an interphase Golgi ribbon immunogold labeled for GalNAcT2. HeLa cells were stably transfected with Gal-
NAcT2-VSV, an epitope tagged form of the glycosyltransferase [6]. Cells were then ¢xed with paraformaldehyde and a low level of
glutaraldehyde, embedded in sucrose as a cryoprotectant, cryosectioned and thawed cryosections immunogold labeled with 10 nm gold
for the epitope tagged GalNAcT2 and 5 nm gold for the ER protein, protein disul¢de isomerase. In the ¢eld shown almost all the la-
beling is with the large 10 nm gold. White arrows point to apparent Golgi stacked regions labeled for GalNAcT2 and perhaps inter-
connected by tubules. Bar = 0.5 Wm.
BBAMCR 14328 5-8-98 Cyaan Magenta Geel Zwart
B. Storrie, W. Yang / Biochimica et Biophysica Acta 1404 (1998) 127^137128
bules between the cisternal stacks. When viewed by
vital staining techniques such as NBD-ceramide or
expression of glycosyltransferase-green £uorescent
protein (GFP) chimeras, the organelle appears stable
for hours in general shape and subcellular location.
This apparent stability is almost certainly just a
steady state mask to the underlying dynamics of
the organelle.
In the present review, we concentrate on recent
experiments employing Golgi protein chimeras
(GFP, VSV-G temperature-sensitive protein folding
domain, and epitope tag) to characterize Golgi com-
plex dynamics and, in particular, to analyze the e¡ect
of microtubule depolymerization on the interphase
mammalian Golgi complex. The structure of the jux-
tanuclear Golgi complex is stabilized by microtu-
bules and the microtubule organizing center
(MTOC). The major outcomes of these experiments
have been: (1) to reveal that the key role of micro-
tubules in Golgi complex dynamics in ¢broblasts is
restricted to juxtanuclear accumulation of Golgi
complex intermediates which subsequently assemble
into an interconnected Golgi complex, (2) to demon-
strate that Golgi membrane proteins can be highly
mobile within the living cells, (3) to suggest a direct
pathway for the retrograde cycling of Golgi compo-
nents to the ER, and (4) to provide evidence
that cycling of resident components from di¡er-
ent Golgi complex subcompartments is at di¡erent
rates.
For more detailed treatments of the role of motor
proteins in Golgi dynamics, the reader is referred to
articles by Burkhardt and Stow and Heimann in this
issue. Although dynein, the minus-end directed, mi-
crotubule-dependent motor appears to be the major
motor protein positioning the Golgi complex in ¢-
broblasts (see below and Burkhardt, this issue), kine-
sin, the plus-end directed, microtubule-dependent
motor does play a role in extension of tubules from
the Golgi complex in such cells (e.g., [11]). In other
cell types such as astrocytes [12], kinesin appears to
have a more dominant role in overall Golgi position-
ing in the cell. The relative balance between the
microtubule-dependent motors may well vary from
cell type to cell type. The importance of myosins,
actin-dependent motors, appears to be restricted
to events at the TGN (see Stow and Heimann, this
issue).
2. Juxtanuclear congregation of scattered,
randomly forming pre-Golgi intermediates is
a microtubule-dependent process
Transport between the ER and Golgi complex has
long been conceptualized as a vesicular transport
process as formulated originally by Palade (for re-
views, see [1] ; Jamieson, this issue). Vesicle forma-
tion is generally thought to involve coat proteins, be
they COPI, COPII or clathrin. Yeast genetics have
implicated COPII as the coat involved in vesicle bud-
ding from the ER (Barlowe, this issue). COPI ap-
pears to act later in ER to Golgi complex transport
[13,14]. Recent evidence indicates that protein tra⁄c
between the ER and Golgi complex is likely to be a
three stage process in which stage one is budding
from scattered ER exit sites, stage two is coalescence
of initially COPII coated vesicles to generate what
have been variously termed intermediate compart-
ment (IC), vesicular tubular cluster (VTC) or trans-
port complex (TC) and stage three is subsequent en
bloc transport of these pre-Golgi carrier structures to
the Golgi complex. We concentrate here on initial
conclusions from experiments tracking the movement
of GFP constructs with the temperature-sensitive
mutant of the vesicular stomatitis virus glycoprotein
(ts-O45-G). At non-permissive temperature (39.5‡C),
ts-O45-G is blocked in the ER and at 15‡C it accu-
mulates in pre-Golgi structures. Shifting cells to the
permissive temperature (32‡C) releases the block and
induces transport of ts-O45-G from the ER to the
Golgi complex. The same is true of ts-O45-G-GFP
when the GFP is placed on the cytoplasmic C-termi-
nal domain of the molecule but not when GFP is
substituted for most of the lumenal domain or placed
at the lumenal N terminus of ts-O45-G [14,15]. Ex-
periments with ts-O45-G-GFP lead to the conclusion
that movement of pre-Golgi structures to the Golgi
complex is an en bloc, microtubule-dependent proc-
ess in which COPI may play a retrieval role [14,15].
For a recent alternate consideration of this process
and the general role of pre-Golgi structures, please
see Bannykh and Balch [16].
When shifted to permissive conditions, ts-O45-G-
GFP is transported with normal kinetics to the Golgi
complex as part of a pleomorphic structure that is
frequently observed to elongate towards the Golgi
complex as if being pulled by a motor protein [15].
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The pleomorphic shape and elongation strongly sug-
gest that the structure is not a single vesicle (see
QuickTime movie at http://www.elsevier.com/locate/
multimedia). Rather it must be either a deformable
larger structure or an unresolved cluster of vesicles or
tubules. Movement is en bloc with no loss of £uo-
rescence intensity [15]. No ts-O45-G-GFP-positive
vesicles are detected budding from the pre-Golgi car-
rier structures/TC [14,15]. Movement is along appar-
ent linear tracks corresponding to microtubules at
rates as high as 1.5^2.0 Wm/s [14], inhibited by noco-
dazole-induced microtubule depolymerization [15]
and overexpression of the p50/dynamitin subunit of
dynactin [15,17]. Dynactin modulates the activity of
the microtubule-dependent motor protein, dynein
(for review, see Burkhardt, this issue). Similar move-
ment and quantitative retention of £uorescence is
observed following ts-O45-G-GFP accumulation in
pre-Golgi structures (IC/VTC) by incubation at
15‡C [15]. In this case the structures are larger, about
1.5 Wm in diameter. The central and key observation
is that the pre-Golgi structures (IC/VTC/TC)
as marked by ts-O45-G-GFP are consumed
in the transport process and appear to merge with
the juxtanuclear Golgi complex perhaps giving
rise to the CGN/cis-Golgi. The pre-Golgi structures
(IC/VTC/TC) appear to arise de novo from the
ER by aggregation of COPII-positive structures
[15]. The moving pre-Golgi carrier structure itself
is positive for COPI [14,15] and negative for COPII
[14].
With respect to the permanence versus transience
of ER exit sites (ER transitional elements in the orig-
inal terminology of Farquhar [18]), ts-O45-G-GFP
studies [15] clearly indicate that these are transient
structures in the normal cell that arise at apparently
random sites. Pre-Golgi carrier structures arise
abruptly, in a matter of seconds, are transported
juxtanuclearly and rarely does a new carrier structure
appear at the same position. How this apparently
random generation of ER exit sites and accompany-
ing pre-Golgi carrier structures is regulated remains
for now an open question. With regard to microtu-
bules and motors, these observations suggest that a
major role of microtubules is in providing the tracks
for juxtanuclear congregation of continuously form-
ing Golgi intermediates.
3. Golgi complex resident membrane proteins are
highly mobile in situ
In ‘dice-and-splice’ sequence swapping experi-
ments, the organelle residence of Golgi complex gly-
cosyltransferases and glycosidases was shown to be
determined by the transmembrane domain and £ank-
ing sequences to either side (for review, see [19]).
How these sequences produce Golgi complex resi-
dence is currently debated (e.g., Fu«llerkrug and Nils-
son, this issue). One major class of models involves
in situ restriction of Golgi protein mobility through
protein-protein interactions via transmembrane do-
mains or stalk regions. Restricted mobility would
lead to what may be conceptualized as the in situ
precipitation of the proteins in the Golgi complex
membrane and hence their retention despite the con-
tinuous £ow of protein and lipid through the secre-
tory pathway.
In reality, neither viral proteins accumulated in the
Golgi complex such as VSV-G protein nor resident
glycosyltransferases or glycosidases are immobile in
the Golgi complex. All are highly mobile and in fact
VSV-G protein is more mobile when accumulated in
the Golgi complex than it is later after transport to
the plasma membrane [20,21]. The most striking
demonstration of mobility comes from the use of
GFP chimeras [22]. Here for the Golgi resident pro-
teins, Mann-II and GalT, GFP was conjugated to
either the C terminus of the intact Mann-II or sub-
stituted for the catalytic domain of GalT. In either
case, the GFP sequence was placed lumenal and the
resulting chimeric proteins showed normal localiza-
tion to the Golgi complex by £uorescence. By elec-
tron microscopy using antibody against GFP, the
fusion proteins localize to the Golgi complex [23].
In £uorescence photobleaching recovery (FRP) ex-
periments, the GFP chimeras were highly mobile,
showing little, if any, immobile fraction; £uorescence
recovery was rapid and essentially complete [22]. The
di¡usion constants calculated for di¡usion within
Golgi membranes are among the highest known for
any membrane protein [21,22]. To test if the whole
Golgi complex might be interconnected, a limited
area of the Golgi complex was repeatedly bleached
over a 6 min period and £uorescence across the en-
tire Golgi complex monitored [22]. This resulted in
BBAMCR 14328 5-8-98 Cyaan Magenta Geel Zwart
B. Storrie, W. Yang / Biochimica et Biophysica Acta 1404 (1998) 127^137130
complete loss of £uorescence from the entire organ-
elle ; a result expected only if the Golgi complex were
interconnected and protein free to di¡use into the
area of repeated bleaching where it too would then
be bleached. This novel procedure is called FLIP for
£uorescence loss in photobleaching [22]. In control
experiments to test for the possible involvement of
vesicles in these processes, conditions such as re-
duced temperature (22‡C) or energy depletion known
to greatly reduce or block vesicular transport had no
e¡ect on the FRP or FLIP results. Slightly slower
mobility of the Golgi GFP chimeras was observed
when the proteins were localized to the ER subse-
quent to brefeldin A (BFA)-induced collapse of Gol-
gi stacks into the ER. Again no immobile fraction
was detected [22]. These results are consistent with
earlier, qualitative studies in heterokaryons showing
that Golgi resident membrane proteins must be
mobile since they intermixed when tubular connec-
tions formed between congregated Golgi apparati
[24,25].
In conclusion, Golgi type II membrane proteins
are highly mobile in situ with little, if any, restriction
to their di¡usion through an interconnected, juxta-
nuclear Golgi membrane network. How Golgi com-
plex residency of these proteins is determined re-
mains an open question. Based on these results,
any interconnections between the Golgi complex
and other organelles, e.g., ER, should lead to rapid,
reciprocal protein intermixing between the organ-
elles. This as discussed below in relation to the e¡ects
of BFA fails to occur.
4. The ER appears to be a normal intermediate in the
retrograde cycling of Golgi complex proteins
Elsewhere within this issue, the probable role of
SNARES, COPI, vesicles and rab6 in Golgi complex
retrograde tra⁄c are discussed (for review, see ar-
ticles by Goud, Lowe and Kreis, Nichols and Pel-
ham, Gaynor and Emr). Here we would like to con-
centrate on what can be said regarding the pathway
of retrograde Golgi complex tra⁄cking from recent
experimental approaches to in vivo dynamics of the
organelle. The Golgi complex in the presence of BFA
is denuded of COPI coat and other proteins (Beck
and Nelson, this issue), proceeds to tubulate and
redistributes both protein and lipid components
into the ER. These tubules are often, but not always,
positive for multiple Golgi proteins that localize to
the same Golgi complex subcompartment (Fig. 2).
BFA induced Golgi complex dispersal to the ER
has been conventionally interpreted as a retrograde,
Fig. 2. E¡ect of BFA treatment on the distribution of sialyltransferase (ST), GalT (GT), and N-acetylglucosaminyltransferase I
(GNT). Epitope tagged ST- or NGT-myc were stably expressed in Vero cells [39]. GT is an endogenous Golgi protein in these cells.
ST- and GNT-myc Vero cells were treated with 5 Wg/ml BFA for 0 min (control, A^D) or 5 min (E^H). Cells were then ¢xed and
stained by immuno£uorescence for the appropriate Golgi proteins. Black arrowheads in E^H point to extended tubular processes
which were positive for both GT and ST or GT and GNT. White arrowheads in E^H point to extended tubular processes which were
negative for ST but positive for GT or negative for GNT but positive for GT. Bar = 20 Wm.
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sequential process of Golgi proteins cycling through
the IC/VTC/TC/pre-Golgi structures as marked by
ERGIC-53/p58 to the ER (e.g., [26]). Curiously,
this process does not result in protein equilibration
between compartments as would be expected for re-
ciprocal di¡usion between tubule-linked organelles.
Rather, the Golgi complex disappears without £ow
of ER proteins into the Golgi complex.
Recent experiments from the laboratory of Lippin-
cott-Schwartz using GFP conjugates of Golgi mem-
brane proteins and BFA to disrupt Golgi complex
structure indicate that Golgi membrane proteins are
at a higher free-energy state than ER membrane pro-
teins [23]. Because of tension-driven membrane £ow,
GalT and the KDEL receptor, constituents of the
trans- and cis-Golgi, respectively, travel as a wave
of material into the ER in BFA-treated cells. Both
lipids and proteins empty from Golgi complex within
15^30 s. This rapid transfer process in BFA-treated
cells is termed ‘blinkout’ by the authors. Blinkout is
delayed, but not blocked in nocodazole-treated cells.
This is presumably due to the fact that bridging Gol-
gi tubules do not form in the absence of microtu-
bules. The actual duration of blinkout is unchanged
indicating that Golgi complex and ER may intercon-
nect by other pathways than tubules. What these are
is not obvious from the time-lapse microscopy. In
conclusion, these experiments clearly indicate energy
di¡erences between the two organelles. However,
they fail to indicate to what extent, if any, large scale
retrograde tra⁄c is a normal, ongoing process be-
tween Golgi complex and ER. Presumably COPs
and other possible membrane sca¡olding proteins
play a role in maintaining the observed potential en-
ergy di¡erences.
Complementary experiments using ts-O45-G mem-
brane protein chimeras that localize to the Golgi
complex indicate that indeed Golgi membrane pro-
teins normally cycle extensively to the ER [27]. In
these experiments, the lumenal ts-O45-G domain is
properly folded when the protein is in the Golgi
complex. However, when the cells are shifted to
non-permissive temperature, the ts-O45-G chimeric
protein gradually accumulates in the ER over a
time period of 1.5 h or so. This accumulation is
reversible and presumably a consequence of protein
misfolding within the ER. Control experiments
clearly indicate that the unfolding of the ts-O45-G
domain at non-permissive temperature occurs within
the ER, not the Golgi complex [27]. These experi-
ments suggest that cycling Golgi chimeric protein
becomes trapped by quality control mechanisms
within the ER. Trapping is a protein-speci¢c phe-
nomenon [27]. Only the chimeric protein is trapped;
the Golgi complex itself remains intact in structure
by immuno£uorescent staining. This retrograde traf-
¢cking might well be directly from Golgi complex to
ER rather than sequentially from TGN to trans-Gol-
gi to medial Golgi, etc. The Golgi complex is sur-
rounded by and in close proximity to ER in all di-
mensions.
5. Golgi stacks are regenerated in an anisotropic
process during microtubule depolymerization
Microtubules and other proteins play a central role
in the juxtanuclear localization of the Golgi complex
and in maintaining its structure. Agents that alter the
distribution of microtubules have a profound e¡ect
on the distribution and integrity of the Golgi com-
plex. A dramatic example of this is the reversible
scattering of the Golgi complex after nocodazole-in-
duced microtubule depolymerization. Electron mi-
croscopy reveals that the fully scattered Golgi com-
plex fragments are composed of short, stacked
cisternae that resemble intact Golgi stacks [28,29].
Under this condition after a temporary block that
is later relieved [30], newly synthesized proteins
may still be transported through and modi¢ed by
the Golgi complex [31^33]. After drug removal, the
Golgi elements translocate along the newly repolym-
erized microtubules leading to reassembly of an
intact Golgi complex [29]. As shown by Turner and
Tartako¡ [34], Golgi complex dispersal in response
to nocodazole is likely to be an active process. Mi-
crotubule depolymerization alone is not su⁄cient for
Golgi complex dispersal. Scattering is temperature
and energy dependent and, based on inhibitor re-
sults, does not involve actin-based motors. The tem-
perature block is particularly interesting as it occurs
at temperatures which do not inhibit the transport of
viral proteins from the ER to the TGN. Fragmenta-
tion of the Golgi complex is also seen with speci¢c
reagents that disrupt the function of microtubule-de-
pendent minus-end directed motor, dynein. Microin-
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jection of anti-dynein intermediate chain [17] or
heavy chain 2 antibodies [35] and overexpression of
dynamitin, a component of dynactin, a regulatory
factor for cytoplasmic dynein [15,17] all result in
Golgi complex scattering and fragmentation. Burk-
hardt et al. [17] ¢nd these structures to be scattered,
Golgi stacks. It should be noted here that the micro-
injection of dynein heavy chain 2 antibodies resulted
in Golgi complex scattering in less than half of the
injected cells [35]. In any case, the defective pheno-
type in these three sets of experiments very closely
resembles that of the nocodazole treated cell. The
fact that the same type of scattered Golgi structures
are seen under a number of experimental conditions
suggests, but does not prove, that such structures are
not experimental artefacts.
Golgi complex fragmentation in response to mi-
crotubule depolymerization has been conceived of
as a process in which individual Golgi stacks tethered
and stabilized by microtubules become unlinked
from one another and sever to smaller but complete
stacks which subsequently scatter towards the cell
periphery to give small unit Golgi stacks distributed
throughout the cytoplasm (e.g., see [36]). However,
such a model fails to explain mechanistically how
random dispersal of membrane structures the size
of Golgi stacks could occur throughout a cytoplasm
consisting of dense, gel-like cytoskeletal matrix
[37,38]. Alternatively, as discussed below, the result-
ing changes in organelle structure may be viewed as a
consequence of the disruption of the normal balance
between di¡ering routes of Golgi complex membrane
tra⁄cking and coalescence.
The independent work from laboratories of Lip-
pincott-Schwartz [30] and Storrie [39] suggests a
mechanism of Golgi complex scattering in response
to microtubule depolymerization in which Golgi
complex components gradually redistribute to pe-
ripheral sites of membrane export from the ER
where functional Golgi stacks are regenerated. Be-
fore this redistribution is complete, a signi¢cant
block in secretory tra⁄c and Golgi complex process-
ing occurs [30]. We propose that a slow, normal,
constitutive £ux of Golgi enzymes through pathways
connecting the ER and Golgi complex underlies the
phenomenon. Golgi enzymes accumulate at periph-
eral ER exit sites as a consequence of the inability of
membranes at these sites to cluster into the MTOC
region in the absence of microtubules and hence ef-
fective minus-end directed motor activity [30,39]. Re-
assembly of Golgi stacks at these peripheral sites
allows secretory £ow from the ER through the Golgi
complex to the plasma membrane to resume.
The key experimental observations in support of
this hypothesis are: (1) Time-lapse microscopy of
nocodazole-induced scattering of the Golgi enzyme,
GalNAcT2-GFP expressed in HeLa cells, indicates
that the scattered structures appear randomly with
no detectable tracking of Golgi fragments outward
from the cell center (Storrie, White, Ro«ttger, Stelzer
and Nilsson, in preparation; J. Lippincott-Schwartz,
personal communication). Within the limits of reso-
lution of light microscopy, this excludes the possibil-
ity of intermediates greater than a few tenths of a
micrometer being intermediates in Golgi scattering.
In these experiments, little, if any, statistically signif-
icant accumulation of GalNAcT2 in the ER is ob-
served during Golgi scattering. Morphologically the
frequency of Golgi stacks relative to Golgi tubules
does not decrease during the time course of Golgi
complex scattering (Storrie, White, Ro«ttger, Stelzer
and Nilsson, in preparation). Together these obser-
vations suggest that Golgi stacks may form de novo
at scattered, cytoplasmic sites. (2) By immuno£uor-
escence, multiple Golgi enzymes accumulate in scat-
tered, cytoplasmic structures which gradually become
more intense over a period of a few hours. This is
particularly well revealed by the use of a high dy-
namic range, charge coupled device (CCD) camera
[30]. The number of structures [30,39] increases con-
tinuously following a brief time lag over a period of
2^4 h. At the same time the average brightness of the
structures increases [30]. Accumulation is at or about
structures positive for ERGIC-53/58 [30,39], a shut-
tling marker of the IC. The IC may form de novo by
protein exit from the ER followed by vesicular fusion
(see above). If so, this process would remove Golgi
components from the ER and may prevent any de-
tectable accumulation of these components in the
ER. As indicated in the previous section, Golgi pro-
teins using ts-O45-G lumenal domain chimeric pro-
teins, Golgi localized proteins, do appear to cycle
through the ER. Cytoplasmic patches are enriched
initially in TGN/trans-Golgi enzymes (GalT and
ST) relative to medial/trans enzymes (NAGT-I and
Mann-II, 39). The generation of this last result was
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dependent on the use of epitope tagged forms of the
enzymes to give multiple markers in the same cell
and is consistent with a direct tra⁄c route from the
TGN to ER exit sites. The opposite result, medial
before trans scattering, would be expected if the ma-
jor retrograde tra⁄c route were TGN to trans to
medial to cis, etc. through the Golgi stack. (3) Con-
ditions which inhibit retrograde tra⁄c to the ER in-
hibit Golgi enzyme appearance in scattered cytoplas-
mic structures [30]. These include deoxyglucose/azide
(energy depletion), monensin (monovalent cation
ionophore) and N-ethylmaleimide (alkylating agent,
inhibitor of NSF). Interestingly, although Golgi
complex scattering was sensitive to AlF [30], an in-
hibitor of trimeric G proteins, no apparent block was
seen with microinjected GTPQS [39]. Microinjected
GTPQS activates G proteins and in particular small,
monomeric G proteins. At the concentration used it
does not a¡ect sar1p, the G protein involved in CO-
PII recruitment. These results indicate a special role
for trimeric G proteins in nocodazole-induced Golgi
complex scattering. (4) Golgi enzymes accumulated
in the ER tra⁄c to scattered cytoplasmic structures
in the absence of microtubules. ERGIC-53/p58,
GalT, Mann-II, and ST all chase rapidly from the
ER to scattered cytoplasmic patches following BFA
removal in the presence of nocodazole [30,39]. These
patches are by electron microscopy Golgi stacks [30].
This is an observation consistent with the possibility
that the ER can be a direct intermediate in the for-
mation of scattered, cytoplasmic Golgi complex
structures. (5) During Golgi enzyme scattering, cells
are defective in Golgi function. Nocodazole treat-
ment induces a distinct eclipse period in the export
and oligosaccharide processing of ts-O45-G [30].
Such a result is consistent with the indicated incom-
pleteness (TGN before medial) of the Golgi complex
during the process of Golgi complex scattering. Fi-
nally, it should be noted that Golgi scattering is not
inhibited by cytochalasins, micro¢lament disruptive
drugs, suggesting that actin-based motors have no
role in what may be interpreted as retrograde cycling
of Golgi proteins [30,34,39].
Before further consideration of the proposed cy-
cling hypothesis, the concurrent experiments of Min-
in [40] must be discussed. In this work, nocodazole
induced Golgi complex scattering is concluded to be
a kinesin-dependent process occurring along stable
microtubules (i.e., nocodazole resistant microtu-
bules). In brief, Minin ¢nds that 4‡C/nocodazole pre-
treatment of cells to disrupt any stable microtubules
inhibits scattering of the Golgi complex. This obser-
vation directly contradicts those of Turner and Tar-
tako¡ [34] who employed a similar 4‡C/nocodazole
pretreatment; Turner and Tartako¡ [34] see pro-
nounced Golgi complex scattering under these con-
ditions. The exact interpretation of the Minin experi-
ments is additionally complicated by the Golgi
markers used. These are lentil lectin and NBD-ce-
ramide. The lentil lectin is carbohydrate-speci¢c,
not Golgi-resident protein speci¢c. The NBD-ceram-
ide marker is a transient component of the Golgi
complex, enriched in TGN, normally transported to
the cell surface at 37‡C, and hence cleared from the
Golgi [41]. As microtubule depolymerization is know
to interfere, at least transiently, with Golgi function
Fig. 3. Schematic diagram of the cycling of Golgi components
in interphase ¢broblasts containing intact microtubules (A) and
depolymerized microtubules (B). Fundamentally the e¡ect of
microtubule depolymerization is on the state of Golgi assembly
into interphase Golgi ribbons but not on the overall cycling of
components or overall functioning of the organelle.
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in secretory transport [30], an e¡ect on secretion may
well be a confounding factor in the Minin work [40].
In one of the authors’ hands using resident Golgi
proteins as markers, 4‡C/nocodazole pretreatment
does not inhibit Golgi complex scattering in HeLa
cells relative to nocodazole alone at a concentration
of 10 WM (Storrie, unpublished observation). Firm
interpretation of Minin’s observed inhibitory e¡ect
of microinjection of anti-kinesin antibodies on no-
codazole-induced Golgi scattering will have to await
experiments using protein speci¢c markers. Clearly
as indicated by Minin [40] and others [11,12], kinesin
does have a role in the extension of Golgi complex
components towards the plus end of microtubules.
Conceivably, the mechanism of Golgi protein cycling
towards the ER may be facilitated by kinesin and
stable microtubules.
In conclusion, the experimental observations,
chie£y with nocodazole and in part with dynein func-
tion disruption, overall suggest the existence of a
slow but normal, tra⁄cking of Golgi enzymes to
the ER, with rapid passage then through the ER to
ER exit sites, leading to the reassembly of a func-
tional but scattered Golgi complex. This tra⁄cking
may well be by a direct Golgi-to-ER route and is
consistent with a continuous de novo formation of
Golgi stacks at or about ER exit sites. These sugges-
tions are summarized schematically in Fig. 3. A ma-
jor challenge for the future will be the direct demon-
stration of how such a process can occur.
6. Golgi stacks congregate by en bloc movement
during microtubule repolymerization
Three kinds of data converge to suggest that indi-
vidual Golgi stacks and even the larger Golgi ribbons
are capable of en bloc movement along reoriented
microtubules. The two oldest observations are varia-
tions on each other. These are the results of video
tracking experiments recording the redistribution of
Golgi complex components following nocodazole re-
moval [29], i.e., microtubule repolymerization, or cell
fusion [42], i.e., microtubule reorganization centered
on a congregated MTOC associated with clustered
nuclei. In both cases the Golgi complex within the
cells was labeled by incorporation of metabolites of
the £uorescent lipid analog, NBD-ceramide. At
20‡C, NBD-ceramide metabolites accumulate in Gol-
gi membranes and maintain their membrane associ-
ation for experimental periods of an hour or so [41].
In Vero cells treated with nocodazole to produce
scattered Golgi stacks, NBD-ceramide-labeled Golgi
elements are found to move as intact units at average
rates of about 0.25 Wm/min along reassembled micro-
tubules [29]. This movement is directed and results in
accumulation at the MTOC. No vesicular intermedi-
ates can be detected and all juxtanuclear £uorescence
can be tracked to Golgi element movement. The
process is independent of micro¢laments and inter-
mediate ¢laments. Likewise, in Vero cells fused to
create polykaryons, congregation of NBD-ceram-
ide-labeled Golgi complex structures, here intercon-
nected Golgi ribbons, is by en bloc rather than vesic-
ular movement [42].
The third kind of data comes from multimarker
analysis of the redistribution of Golgi stacks follow-
ing nocodazole removal. The redistribution of GalT,
NAGT-I-myc and ST-myc from scattered to juxta-
nuclear immuno£uorescence staining patterns all
have the same kinetics [39]. This is indicative that
all three markers are moving as part of the same
structure towards the cell center and again is suppor-
tive evidence for en bloc movement of stacks towards
the MTOC. As discussed by Burkhardt (this issue),
these en bloc movements presumably are all the out-
come of one or more isoforms of the minus-end di-
rected, microtubule-dependent motor protein, cyto-
plasmic dynein.
7. Conclusions
We have focused almost entirely on the in vivo
dynamics of the interphase Golgi complex as illus-
trated by drug perturbation and Golgi protein-GFP
and ts-O45-G-chimera experiments and have drawn
heavily from examples from our laboratory and
those of close collaborators. In conclusion, we would
like ¢rst to summarize a model for the dynamics of
the interphase Golgi complex and then to speculate
on the possible relationship of the interphase to mi-
totic Golgi complex. In the interphase cell, the Golgi
complex is surrounded by ER (see Fig. 3) Within the
interphase cell, the mammalian Golgi complex con-
sists of a ribbon of interconnected stacks (Fig. 3A).
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From these there is continuous tra⁄cking to the ER,
possibly by both direct routes and by sequential ret-
rograde tra⁄cking through the Golgi stack to the
intermediate compartment (IC) and hence to the
ER. This tra⁄cking is facilitated by microtubules
but does not require microtubules. Our work [39]
would suggest that tra⁄cking to the ER is more
rapid from the TGN/trans-Golgi than the medial
Golgi, hence the thicker arrow (left, Fig. 3A).
From the ER, Golgi proteins and lipids exit at a
limited number of sites, ER exit sites or transitional
ER. At present, the mechanism of this is little under-
stood and no explanation is known as to how an ER
exit site forms. Possible protein machinery is hinted
at in other articles in this journal issue. Depending
on the state of microtubules (polymerized versus de-
polymerized), two di¡erent fates await the exiting
Golgi complex components. As indicated in Fig.
3A, the components may be transported along mi-
crotubules presumably as part of a pre-Golgi inter-
mediate carrier structure as shown for ts-O45-
G-GFP [14,15] to the central, juxtanuclear Gol-
gi ribbon. Alternatively, the components may, in
the absence of microtubules, coalescence into
a locally formed, de novo Golgi stack which ex-
cludes ER components (Fig. 3B). The mechanisms
of this process and the protein machineries
involved are at present unknown. The resolution
of such issues will be a major challenge for the fu-
ture.
During mitosis, the juxtanuclear Golgi ribbon of
interconnected stacks disappears and later reforms
(for a detailed treatment, see Shima and Pepperkok,
this issue). Much of this may be due to changes in
Golgi vesiculation as the cell enters mitosis (for an
excellent review, see [43]). We would like to speculate
on the basis of our work and that of close collabo-
rators that a common aspect in the dynamics of the
interphase Golgi complex and the mitotic Golgi com-
plex may be Golgi component cycling through the
ER. Shima et al. [44] ¢nd that NAGT-I-GFP accu-
mulates in polarized tubulo-vesicular clusters in mi-
totic cells. We would like to propose as an alternative
and speculative hypothesis that this accumulation is
at station(s) used in a common pathway with inter-
phase cells for the normal cycling of Golgi complex
components.
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